In order to rationalize the physicochemical properties of human serum-transferrin (STf ) and the STfreceptor (TfR) recognition process, we have tried to predict the 3D structures of apo-and iron-loaded STf using a homology modeling technique to study the changes in the structural characteristics that take place upon the uptake of iron by STf in solution. The crystal structures of both forms for ovotransferrin were used as templates for the STf modeling. The modeled structure of STf gave a satisfactory interpretation for the typical physicochemical properties such that (1) STf has a negative electrophoretic mobility and its value increases with iron uptake, and (2) the radius of gyration R g of Tf decreases with iron uptake. It was found that upon iron binding, interdomain closures take place with large movements of the NII and CII subdomains comprising the N-and C-lobes in STf through a hinge-bending motion, accompanied by the opening of the bridge region with a displacement of more than 15 Å. Moreover, in view of the findings from our capillary electrophoresis experiments that the electrostatic interactions significantly contribute to a specific binding of Fe 2 -STf with TfR, it is inferred that the connecting (bridge) and its neighboring region associated with a surface exposure of negative charge play an important role in the STf-receptor recognition process.
INTRODUCTION
Transferrins (Tfs) 6 are a family of homologous iron-binding proteins, including serum transferrin (STf), lactoferrin (LTf ), and ovotransferrin (OTf) , that are widely distributed in the animal kingdom (Brock, 1985; Harris and Aisen, 1989) . Most of the members of the Tf family are monomeric glycoproteins with a molecular weight of about 80 kDa, each consisting of two major structural lobes (N-and C-lobes) and a short connecting peptide (Anderson et al., 1987; Kurokawa et al., 1995) . Each lobe is further subdivided into two domains and contains a single high-affinity metal-binding site in the interdomain cleft, irrespective of the Tf species (Baker, 1993) . Furthermore, the homologies of the amino acid sequences not only among the Tf species, but also between the two lobes, are very high (about 40-50%), and the residues in the metal-binding sites are the same (Baker, 1993) . All of the Tf species are capable of binding various metal ions such as Al(III), Cu(II), etc., besides Fe(III), with different binding affinities (Ichimura et al., 1989; Welch, 1992a) . Numerous studies have been done on the physicochemical properties of the Tfs (Brock, 1985; Harris and Aisen, 1989; Evans and Williams, 1978; Grossmann et al., 1992; Lin et al., 1994; Yajima et al., 1998) . As typical properties, the following characteristics have been determined: (1) Tf has a negative electrophoretic mobility and its value increases with iron uptake (Evans and Williams, 1978) ; (2) the radius of gyration R g of Tf decreases with iron uptake, associated with the interdomain open → closed conformational change (Grossmann et al., 1992) ; and (3) the denaturation temperature T d of Tf increases with iron uptake, indicating an increase in the structural stability toward thermal perturbations (Lin et al., 1994) .
Recently, the physiological functions of STf, which is the iron transport in the human body, have attracted much attention in connection with serious diseases from metal toxicities such as Alzheimer's disease, leukemia, and so on (McGregor and Brock, 1992; Welch, 1992b) . In order to understand the physiological functions of STf involving metal toxicities, it is necessary to clarify the 3D structural characteristics of metal-loaded STfs and the STf-receptor recognition process. However, the 3D structures of the entire proteins, even of the apo-and iron-loaded STfs, have not yet been determined, except that the 3D structures of the apo-and iron-loaded N-terminal half of STf were analyzed by X-ray crystallography [PDBcode 1btja (Macgill ivray et al.,1998 ), 1b3ea (Bewley et al., 1999 ]. In addition, the crystallographic structures of OTf [PDBcode 1aiv (Kuro kawa et al., 1999 ), 1ovt (Kurokawa et al., 1995 ), 1tfa (Mizutani et al., 1999 ), 1nft (Mizutani et al., 1999 ] and LTf [PDBcode 11fh (Anderson et al., 1990 ), 11fg (Norris et al., 1991 ] with and without iron have been published.
Hence, in order to rationalize the resulting physicochemical properties of STf and the STf-receptor recognition process, we have tried to predict the 3D structures of the apo-and iron-loaded STf using a homology modeling technique to study the changes in the structural characteristics that take place upon the uptake of iron by STf in solution in the presence of bicarbonate. The crystal structures of both forms of OTf were used as templates for the STf modeling based on the following similarities between STf and OTf: (a) the sequence homology between STf and OTf is very high (about 50%), as shown in Fig. 1 ; (b) the isoelectric points of both STf and OTf are in the acidic region (pI ≈ 5-6), whereas that of LTf is in the basic region (pI ≈ 8-9) (Brock, 1985) ; (c) the calculated values of radius of gyration R g for apo-LTf with the intrinsically "closed" C-lobe and Fe 2 -LTf based on the crystal coordinates could not rationalize the experimental values
